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Habit formation is a well-characterized process involving a shift from response-
outcome as the leading driving force underlying action to a stimulus-response 
mechanistic process.  It is hypothesized that a transition from goal-directed behavior to 
habitual behavior is driven by a transition of the bulk of cognitive load from neocortical 
toward lower neurological mechanisms.  While many neurotransmitter systems have a 
demonstrated involvement in this process, the dopamine system is particularly implicated.  
Habit formation is assessed through the maintenance of extinction responding for an 
undesired, or devalued, outcome. 
Theories relating the progression of addictive substance abuse, including alcohol 
use disorders, to the establishment of habitual action are characterized.  Given the 
heritable nature of alcoholism, uncovering differences in habitual behavior among 
alcohol-preferring and non-preferring populations could inform future research into 
specific genetic mechanisms.  Furthermore, according to recent evidence from rodent 
models, the involvement of alcohol in response-outcome motivated action facilitates the 
development of a habit, and the replication of these results in a heavier-drinking rodent 




pharmacotherapies in a model of habit susceptibility may prove beneficial.  The current 
three experiments were designed to address these research goals. 
Two replicates each of high alcohol-preferring (HAP) and low-alcohol preferring 
(LAP) mice were tested using a palatable non-psychoactive reinforcer to assess genetic 
susceptibility.  Crossed high-alcohol preferring mice (cHAP) mice were run using alcohol 
or sucrose as a reinforcer to assess alcohol-specific effects. Lastly, HAP mice were tested 
under systemic administration of flupenthixol, a dopaminergic antagonist, or control 
saline administration to assess the potential for pharmacological manipulation to 
influence habit formation. 
 Results indicated that HAP2 mice formed habits rapidly, whereas LAP2 mice 
remained goal-directed; simultaneously, HAP3 mice required longer training to form 
habits whereas LAP3 mice remained goal-directed even after this extended training.  
cHAP mice did not demonstrate differences in habit formation involving alcohol 
compared to sucrose, but did achieve intoxication.  Flupenthixol, in the highest dose 
tested, reduced overall levels of activity but did not alter habit formation in HAP2 mice.   
 Importantly, these findings suggest that the susceptibility to form habits is 
genetically correlated with high alcohol preference.  Also, these results do not support a 
role of high intoxication in facilitating habit formation, suggesting that the results 
observed elsewhere may be due to other properties of alcohol.  Finally, these findings do 
not suggest that dopamine antagonism reduces habit formation in HAP mice, indicating 
that other neurotransmitter systems may be more salient in regulating habit formation in 
this population.  Future research should seek to clarify neural and genetic mechanisms 





Alcoholism and other substance use disorders are considered to be chronic 
diseases of uncontrollable use and abuse of psychoactive substances.  The usage of these 
illicit substances is characterized by positive expectancies about outcomes, especially 
initially, and this factor along with craving seems to define it as an intentional behavior 
(Robinson and Berridge, 2003).  Conversely, the inability to cease use and/or abuse 
despite a conscious intention to do so is a criterion for clinical diagnosis of substance 
dependence (American Psychiatric Association, 2013), implicating substance use 
disorders persistent processes that resist the desire for more adaptive outcomes.  
Prolonged usage of alcohol, specifically, is correlated with greater resistance to 
traditional treatment including therapy and community-based interventions, which has 
prompted recent experimentation with more invasive procedures including medication 
and/or deep-brain stimulation (e.g., Muller, 2009; Pastor et al., 2012).  However, chronic 
severe alcoholism often is resistant to even these treatments.  For example, naltrexone, an 
opiate antagonist that disrupts the subjective pleasurable feelings that may result from 
alcohol use and promotes successful remission of some alcohol use disorders (AUDs), 
has demonstrated markedly lower efficacy in chronic, severe alcoholics (Krystal et al., 




factors as less salient in regulating intake and/or cause profound changes in neural 
substrates affected by use. 
The theoretical framework that separate neurological processes coexist and 
simultaneously cooperate and compete to influence motivated action has received a large 
quantity of recent behavioral research related to AUDs (Barker and Taylor, 2014; 
O’Tousa and Grahame, 2014).  Specifically, evidence supports that motivated seeking of 
positive reinforcement involves the disparate activation of two neurological processes, 
which lead to outcomes designated as goal-directed and habitual behavior (Hogarth and 
Chase, 2011).  A goal-directed behavior, conceptually, is an action that is performed with 
the aim of achieving a desirable outcome; simultaneously, a behavior that is performed 
without this consideration but instead in response to an antecedent stimulus is classified 
as habitual (Dickinson, 1985).  Habitual responses are quickly elicited by a stimulus 
linked to a lengthy reinforcement history, also known as a “trigger” or “cue” in the 
environment (Schulte et al., 2012).  Drugs including alcohol are suggested to subvert the 
natural, adaptive learning of behavioral habits toward an automatized drug-driven 
condition, leading to ingrained stimulus-response habits that are resistant to attempts at 
behavioral change (Robinson and Berridge, 2003; Everitt and Robbins, 2005; Belin et al., 
2009).  Such habits may be uniquely involved in chronic, treatment-resisted AUDs; 
supporting evidence includes that enhanced cue reactivity is associated with greater 
susceptibility to relapse and neurological structures associated with habitual action 
display enhanced response to alcohol cues (Schulte et al., 2012; Oberlin et al., 2013). 
The specific study of behavioral and neurological phenomena requires the use of 




clinical research and to assist in the derivation of treatment (Everitt, 2015).  Additionally, 
animal models are useful for furthering understanding of goal-directed and habitual 
behaviors because a researcher is able to manipulate a desired factor that influences 
motivated action and/or examine the roles of specific neurological regions (e.g., Yin et al., 
2004; Mangieri et al., 2012).  An individual with an AUD acting as a result of a cue that 
instills seeking of a substance that causes adverse long-term consequences is 
phenomenologically similar to a stimulus provoking responding for an undesired 
outcome by an animal in an operant chamber.  Habitual behavior in animals is commonly 
measured using devalued outcomes through aversion or specific satiety, each of which 
causes a substance, or reinforcer, that was desirable during operant training to become 
undesirable.  Aversion is most commonly instilled through the classically-conditioned 
pairing of a reinforcer with lithium chloride (LiCl)-induced gastric malaise (Chen and 
Amsel, 1980; Adams, 1980).  Alternatively, and more reversibly, unlimited access to the 
reinforcer is used to instill satiety just prior to operant testing (e.g., Coutureau and 
Killcross, 2003; Corbit et al., 2012).   
Behaviors that are reduced following reinforcer devaluation (i.e., a significant 
attenuation of action is observed between valued and devalued conditions, commonly 
measured in extinction – lacking an available reinforcer – to measure isolated motivation), 
are goal-directed (Dickinson, 1985).  Operant behaviors are initially goal-directed, but 
they tend to become driven by habit following extended practice; a change from 
response-outcome motivation to stimulus-response motivation occurs (Rescorla, 1994; 
Balleine and Dickinson, 1998).  If a null result regarding responding difference is 




driving mechanism behind operant response action.  Extended operant training, involving 
repeated associations of a stimulus with a response in order to obtain an outcome, is the 
simplest way to elicit habitual behavior (Dickinson et al., 1983).  Additionally, the 
application of an interval schedule in which a determined amount of time must progress 
before a response is positively reinforced, as opposed to a ratio schedule in which a 
determined amount of responses always leads to a reward, facilitates the development of 
habitual behavior (Dickinson, 1985).  Habitual action is additionally insensitive to 
contingency degradation and omission, a condition in which a previously-reinforced 
response is now only reinforced when it is withheld (Dickinson et al., 1998). 
 
The Neurology of Motivation and its Putative Role in Addiction 
Motivated behavior, whether under greater control by goal-directed or habitual 
processes, involves interaction of the cortex, striatum, and midbrain (Barker and Taylor, 
2014).  The prefrontal cortex (PFC) is crucial for decision-making and response selection, 
especially during early stages of response acquisition and strategy (Roberts and Wallis, 2000).  
The medial prefrontal cortex (mPFC) specifically is necessary for the acquisition of goal-
directed behavior (Ostlund and Balleine, 2005).  Other work suggests that a subdivision of 
the mPFC, the prelimbic PFC, is crucial in the formation of goal-directed behaviors whereas 
the premotor cortex is critical in their expression (Killcross and Coutureau, 2003; Gremel and 
Costa, 2013b).  The striatum is divided into anatomically and functionally disparate ventral 
and dorsal portions, which appear to contribute differentially to behavioral output (Yin et al., 
2004; Yin et al., 2005).  The ventral striatum, including the nucleus accumbens (NAc), 




important in the learning of goal-directed action, theoretically due to its role in establishing 
motivation for valued, salient outcomes (Mark et al., 1994; Everitt and Robbins, 2005; 
Wendler et al., 2013).  The aforementioned prelimbic region of the PFC projects to the 
dorsomedial striatum (DMS), a connection that is also crucial for goal-directed learning 
(Graybiel, 1998; Yin et al., 2005).   
Notably, the behavioral contributions of the dorsal striatum are not limited to 
outcome-oriented response strategies.  If the dorsolateral striatum (DLS) is rendered 
ineffective, operant behavior regains sensitive to devalued outcomes and contingency 
degradation, implicating this structure in habitual behavior specifically (Yin et al., 2004, Yin 
et al., 2006).  The DLS receives extensive input from sensorimotor cortex areas and transmits 
output to lower brainstem regions, further supporting its specific involvement in mechanistic, 
outcome-independent action (Graybiel, 1998).  Importantly, it and other striatal regions are 
targets of afferents from neurotransmitter production bodies in the midbrain including 
dopaminergic inputs (Nicola et al., 2000).  The interaction of striatal regions in determining 
eventual behavioral strategies, however, is complex and recent evidence suggests that action 
is never dependent on only goal-directed or habitual processes.  Indeed, higher brain regions 
including the orbitofrontal cortex (OFC) are engaged during shifts from goal-directed to 
habitual behavior, interacting with the striatum to promote appropriate action (Gremel and 
Costa, 2013a).  In brief and simplified summary, the NAc controls initial conceptualization 
of salience and valuation, the DMS is involved in learning and maintenance of the 
relationship between actions and outcomes, the DLS establishes and mediates habits, and all 
striatal regions interconnect with cortical and midbrain neural structures to integrate 




Action-oriented behavior is a more cognitive, flexible result of neurological activity 
than mechanistic action.  Accordingly, “top-down” glutamatergic innervation from the PFC 
provides excitatory input to the striatum and heavy activation of prefrontal cortical neurons is 
correlated with goal-directed behavior (Histed et al., 2009).  Additionally, the PFC promotes 
inhibitory control through dopaminergic efferents to lower brain regions from the OFC 
(Gremel and Costa, 2013a).  Simultaneously, however, “bottom-up” dopaminergic 
production bodies provide input from the midbrain, including the ventral tegmental area 
(VTA; connectivity to the ventral striatum via the mesolimbic pathway) and substantia nigra 
(SN; connectivity to the dorsal striatum via the nigrostriatal pathway), and their functionality 
is fundamental in regulated control of movement and planning of action (Nicola et al., 2000).  
The nigrostriatal dopaminergic pathway specifically is essential for habit formation.  Indeed, 
striatal dopamine (DA) depletion is shown to block the learning of motor habits in rats (Faure 
et al., 2005).  A2A adenosine receptors and CB1 cannabinoid receptors are also implicated in 
habit formation through studies using knockout mice (Yu et al., 2009; Hilário et al., 2007).  
These receptors are considered to reciprocally interact with D2 dopamine receptors to form 
heteromers and modulate neurotransmission in the striatum (Ferré et al., 2010).  Overall, the 
importance of dopaminergic activity in the formation of habitual action is well documented. 
Simultaneously, theoretical models are characterized which relate the progression of 
substance abuse and addiction to instrumental learning and the processes of neurological 
change within the striatum implicated in each (see Everitt and Robbins, 2005; Belin et al., 
2009).  The NAc can be further divided into shell (NAcS) and core (NAcC) subregions, 
which play differential roles in appetitive response, including that to substance use (Belin and 




whereas conditioning resulting from repeated administration shifts seeking and reinforcement 
processes toward the NAcC.  The DLS is interconnected to the NAcC in a dorsally 
progressive cascade that includes the DMS (Alexander and Crutcher, 1990).  The 
development of automatized action resulting from this pathway is important for survival 
because NAc circuitry is necessary for processing natural rewards and behaviors, and the 
development of advantageous mechanistic action improves behavioral efficiency and lessens 
cognitive load (Kelley and Berridge, 2002).  However, the mechanisms of addiction may be 
stronger and more rapid than natural stimulus-response motor learning because drugs of 
abuse cause abnormally high dopaminergic tone in the NAc and therefore plausibly exert a 
stronger influence on the DLS (Everitt and Robbins, 2005; Belin et al., 2009).  This 
framework is supported by evidence that animals responding for pharmacoactive reinforcers 
(commonly, cocaine) demonstrate expedited habit formation in comparison to those 
responding for reinforcers such as food or sucrose solution, suggesting increased DLS 
involvement (Ito et al., 2002; Miles et al., 2003; Vanderschuren et al., 2005; Belin and 
Everitt, 2008; Zapata et al., 2010).   
 
Correlated Genetic Traits and Endophenotypes 
Despite these established theories of the role of drugs of abuse in precipitating 
habit formation, no current research has examined the prospect that populations that are 
susceptible to substance abuse are simultaneously inclined toward expedited habitual 
action.  Furthermore, the only published research of a genetic comparison of habitual 
action involves sex chromosome complement (Quinn et al., 2007; Barker et al., 2010) 




lines, and inbred strain panels remain unconsidered.  Genetic populations that are 
predisposed to substance use may be of particular interest.  The potential exists for a 
bidirectional action of substance upon individual and vice versa in promoting the 
formation of a habit, a hypothesis that is supported by the variance in outcomes seen 
among the clinical population of individuals with substance use disorders including 
AUDs (Krystal et al., 2001; Schulte et al., 2012).  The susceptibility to maladaptive habit 
formation may be the result of neurological processes (i.e., those described above) that 
perform sub-optimally in at-risk individuals to subvert cognitive flexibility during 
inopportune occurrences.  Thus, a novel hypothesis is that accelerated habit formation 
relates to addictive disorders as a candidate endophenotype, or a measurable, heritable, 
biological trait that may underlie the development of these disorders (Gottesman and 
Gould, 2003).  The study of endophenotypes may allow for improved etiological 
understanding when compared to fully manifest clinical disorders such as AUDs, while 
refining analysis of genetic targets and improving classification.   
Unfortunately, the history of substance use among clinical populations confounds 
empirical examination of this hypothesis.  For example, a recent neuroimaging study by 
Sjoerds et al. (2013) suggests an overreliance on neural pathways associated with 
habitual action among alcohol-dependent patients, but is unable to determine if this is 
innate or caused by a history of alcohol abuse.  Therefore, it is necessary to employ a 
valid animal model of AUDs and perform assessment in drug-naïve subjects.  The most 
crucial criteria for selecting an animal population for such experimentation are firstly that 
the subjects demonstrate high volitional ethanol consumption in the presence of alternate 




of achieving intoxication); secondly, the population possesses a counterpart control line 
to enable a phenotypic comparison.  Furthermore, the use of animal lines that are derived 
according to expression of a specific phenotype (e.g., high alcohol drinking) for the 
examination of phenotypes that correlate with this artificial selection is a unique and 
informative application of this genetic tool (Oberlin and Grahame, 2009).   
Common high-drinking animal populations include the inbred C57BL/6J (B6) 
mouse and outbred Wistar rat along with the selectively bred alcohol preferring (P) and 
high-alcohol drinking (HAD) selected lines of rats (reviewed in McBride et al., 1998).  
The necessity of an adequate control group precludes the use of most inbred or outbred 
strains, favoring the employment of a selectively bred line for analysis alongside its 
simultaneously derived low-drinking counterpart.  Meanwhile, P rats and HAD rats do 
not yield ethanol intake levels or patterns that demonstrate face validity with the human 
alcohol use disorder condition (Leeman et al., 2010).  However, the high-alcohol 
preferring (HAP) mice exhibit higher blood ethanol concentrations (BECs) than other 
rodent models during 24-hour volitional 10% ethanol consumption (Matson and Grahame, 
2013).  Previous behavioral research has demonstrated high trait impulsivity, 
hyperactivity, and anxiety, all of which are putative endophenotypes of AUDs, among the 
HAP mouse population (Oberlin and Grahame, 2009; Chester and Barrenha, 2007; Can et 
al., 2012).  Therefore, the HAP line is an effective mouse model of a population of 
problem alcohol users, and examination of them in conjunction with their 
simultaneously-derived counterpart low-alcohol preferring (LAP) mouse line may 
provide initial evidence for susceptibility to formation of habitual action as an 




Habitual Responding Associated with Alcohol 
Research into the formation of habits involving alcohol was initially pursued and 
published during the beginning of the 21st century, and recently has received renewed 
interest.  A seminal study employed rats trained to respond for either food pellets or 
alcohol solution, and demonstrated a reinforcer-specific devaluation for food but a non-
specific devaluation for alcohol (Dickinson et al., 2002).  This study, while innovative, 
has caveats including a potential “floor effect” during alcohol responding that renders a 
response decrement as impossible to measure and the use of a sucrose-fading procedure 
that first associates the stimulus with sweetened water, not alcohol (O’Tousa and 
Grahame, 2014).  More convincing recent research includes the demonstration of robust 
responding for sweetened water with and without alcohol, but devaluation (i.e., a lack of 
a habit) only in the without alcohol condition (Mangieri et al., 2012).  However, alcohol 
was gradually added to sweetened water over initial operant sessions for this study as 
well.  A recent within-subjects study of rats that did not use a sucrose-fading procedure 
demonstrated habitual responding for alcohol after 8 weeks of interval training (Corbit et 
al., 2012).  Importantly, this study used satiety as its devaluation mechanism, and the 
sedative effects of acute alcohol cause dose-dependent decreases in operant responding in 
rodents which may confound interpretation of devaluation effects (Elmer and George, 
1994).   
The lack of high alcohol intakes and scarcely pharmacologically relevant blood 
ethanol concentrations (BECs) – when reported – are commonalities of all published 
literature in this vein and may represent the greatest flaw in this literature from a 




seeking study received no more than .3 ml of 10% ethanol during self-administration 
sessions, or about 0.09 g/kg (Dickinson et al., 2002).  Recent studies have improved upon 
this figure considerably while still showing intakes under those that are translationally 
relevant to AUDs; Mangieri et al. (2012) observed intakes averaging 0.5 g/kg during 20-
minute operant sessions, whereas Corbit et al. (2012) reported an identical figure during 
1-hour sessions.  In the former case, peak BECs would be expected to be 
pharmacologically relevant (i.e., above 40 mg/dl) but not “binge-like,” whereas metabolic 
capacity likely resulted in even lower BECs in the latter study.  Therefore, the habitual 
behavior being modeled is more translationally comparable to that of a frequent social 
drinker who achieves BECs that fall under the legal driving limit rather than an individual 
with an alcohol use disorder who develops maladaptive habits that resist treatment 
through established means.  The use of a high-drinking animal population in lieu of 
outbred rats represents one potential method to generate more substantial BECs during 
operant sessions. 
The crossed high-alcohol preferring (cHAP) mice were derived by crossing the 
first and second replicate of HAP mice and continuing selection for a high-alcohol 
drinking phenotype (Oberlin et al., 2011).  Though the lack of a comparison line 
precludes examination of a phenotypic comparison as previously discussed, these mice 
demonstrate higher volitional alcohol intake than either parent line.  Indeed, average 
intakes of 25 g/kg/day and average BECs of 260 mg/dl have been previously reported by 
our lab (Matson and Grahame, 2013).  cHAP mice are additionally shown to develop 
behavioral and metabolic tolerance during voluntary alcohol consumption, supporting 




These mice would be expected to respond robustly for alcohol or sucrose solutions alike, 
in agreement with past results from our lab using the parent lines (unpublished data).  
Therefore, the cHAP mouse is a strong candidate for research of habitual action 
implicating a comparison of alcohol reinforcement with non-psychoactive reinforcement 
such as sweetened water. 
 
Dopaminergic Signaling and Antagonism 
Suboptimal mechanistic action is a characteristic of neuropsychiatric disorders 
such as obsessive-compulsive disorder (OCD) and Tourette’s Syndrome (TS) in addition 
to its putative role as a component in drug addiction, and dopaminergic forebrain 
functionality may be an underlying commonality of these conditions (Graybiel and Rauch, 
2000; Leckman et al., 2001).  Therefore, it is sensible to consider the application of the 
substance abuse models employed in our laboratory toward other research aims, such as 
the development of pharmacotherapies to reduce habitual action.  As discussed 
previously, dopaminergic efferents to the striatum arising from both cortical regions and 
the midbrain are known to play varying roles in the development and maintenance of 
motivation action (Nicola et al., 2000; Gremel and Costa, 2013a).  Interestingly, 
sensitization of the DA system through repeated methamphetamine exposure accelerates 
habit formation in outbred rats (Nelson and Kilcross, 2006).  This result parallels the 
condition of exaggerated repetitive, stereotyped behaviors that are observed following 
repeated administration of psychostimulants and suggests neurological homology 
(Kalivas et al., 1993; Ridley, 1994).  It would be useful to employ an animal model that 




of habits in the context of neuropsychiatric disorders, as such a model may be a more 
valid construct study that could enable discovery of neurological or genetic 
underpinnings. 
A cohort of the previously-mentioned methamphetamine-sensitized rats were 
pretreated using systemic injections of flupenthixol, a non-specific dopaminergic 
antagonist, or SCH23390, a selective D1 antagonist, or eticlopride, a selective D2 
antagonist (Nelson and Kilcross, 2013).  Flupenthixol and SCH23390 nullified the 
methamphetamine-induced effect of accelerated formation of habitual action, whereas 
eticlopride, surprisingly, enhanced it.  These results suggest that the rapid shift to habit-
based operant behavior due to the sensitization of the DA system through chronic 
methamphetamine is attenuated by non-specific or selective D1 antagonism, but not 
selective D2 antagonism.  Unknown is whether these results would be observed in a non-
sensitized population that is susceptible to habit formation.  HAP mice, in unpublished 
data from our lab, demonstrate high levels of DA in the striatum (8000 pmol/g) and high 
concentrations of tyrosine hydroxylase (TH; a precursor of DA) cells in the VTA (450 
cells/mm2); each of these results are significantly greater than observed in their 
counterpart LAP mice.  Thus, an attempt at recapitulating the results seen in 
methamphetamine-sensitized rats in a drug-naïve cohort of HAP mice would elucidate 
the nature of the efficacy of dopaminergic antagonists in reducing the rapidity of habit 
formation (Nelson and Killcross, 2013).  Flupenthixol, given its non-specific (i.e., all-
encompassing) action upon the DA system, is the logical compound with which to start 





Rationale and Hypotheses 
In sum, neurological processes regarding motivated goal-directed and habitual 
action are elegantly described, and proposed theories relate a disruption of these natural 
processes to substance use disorders (Everitt and Robbins, 2013).  Elucidating the nature 
of habit formation in substance abuse, including alcohol use disorders, may prove to be 
particularly useful in furthering the understanding and eventually the treatment of the 
substance disorders and dependence.  Three experiments were designed to test the three 
specific behavioral research questions that have been established. 
Excepting studies regarding sex chromosome complement and receptor knockouts, 
no published research of mechanistic operant behavior utilizes a genetic comparison 
(Quinn et al., 2007; Barker et al., 2010; Yu et al., 2009; Hilário et al., 2007).  Indeed, 
genetic differences in habit formation are not well characterized, and the interesting 
possibility that susceptibility to habit formation is an endophenotype of substance use 
disorders remains unexplored.  The comparison of high-alcohol preferring (HAP) to low-
alcohol preferring (LAP) mouse populations could lead to novel information regarding a 
connection between propensity to consume psychoactive substances and susceptibility to 
form habits, and inform future genetic research.  The rationale of Experiment 1 was to 
establish a time course of habit learning in each mouse line using an appetitive, non-
psychoactive reinforcer.  Briefly, this experiment aimed to assess whether susceptibility 
to a shift from outcome- to habit-based responding is a correlated response to selection 
for differences in alcohol preference.  The hypothesis for Experiment 1 is that high 




Drugs of abuse, including cocaine and alcohol, are suggested to promote habit 
formation (e.g., Miles et al., 2003; Corbit et al., 2012).  Most prior experiments using 
alcohol have demonstrated low levels of intoxication through either explicitly low BECs 
or intakes that would be expected to correspond with low BECs, which complicates 
interpretation and translational inferences.  The usage of a population that volitionally 
reaches extreme BECs for the study of promotion of habit formation using alcohol is 
unprecedented.  cHAP mice, on average, drink to BECs of over 260 mg/dl over 24-hour 
volitional alcohol drinking, whereas the parent HAP mice obtain somewhat lesser though 
still pharmacologically relevant levels of around 90 mg/dl during operant sessions 
(Matson and Grahame, 2013; unpublished data).  Therefore, the cHAP mouse line is a 
strong candidate for more definitively providing insight into the capacity for intoxication 
to facilitate habit formation to a cue specifically related to the opportunity to obtain 
alcohol.  Experiment 2, therefore, was designed to examine effects of alcohol vs. 
sweetened reinforcement in the time course of habit formation in a model that allows for 
significant intoxication.  The hypothesis for Experiment 2 is that cHAP mice will acquire 
habitual behavior faster with alcohol reinforcement than with sweetened water 
reinforcement. 
Prior research has demonstrated that the blockade of dopaminergic activity in 
habit-associated neurological structures prevents the expression of habitual behavior 
(Faure et al., 2005).  Additionally, the prevention of habit formation in an amphetamine-
sensitized population of rats, which was previously shown to readily acquire habitual 
action, was achieved using systemic pharmacological means with a nonselective DA 




collection (Nelson and Kilcross, 2006; Nelson and Kilcross, 2013).  Replication of these 
results using a mouse model would support the external validity of dopaminergic 
modulation to decrease mechanistic action.  It would also be beneficial for purposes of 
construct validity if this research were recapitulated in an animal model that has innately 
high levels of DA.  HAP mice are good candidates for this work due to these two 
positions.  Experiment 3, therefore, was designed to determine if systemic 
pharmacological antagonism of the dopamine system is sufficient to preclude habit 
formation in an alcohol-preferring population.  The hypothesis for Experiment 3 is that 
systemic, non-selective antagonism of dopamine receptor function using flupenthixol 
during behavioral acquisition will reduce, but not eliminate, goal-directed behavior while 






Selectively-bred high alcohol-preferring (HAP) and low alcohol-preferring mice (LAP) 
of the second and third replicates, along with crossed high-alcohol preferring mice 
(cHAP) were bred on-site and used for all experiments (see Oberlin et al., 2011).  
Specific mice were obtained and treated according to the paradigms of Experiments 1a 
and 1b (HAP/LAP Genetic Susceptibility), Experiment 2 (cHAP Alcohol-Specific 
Effects), and Experiment 3 (HAP Pharmacological Manipulation), as described below. 
All mice were housed in standard Plexiglas cages with pine bedding in a reverse-light 
cycle colony room.  For the duration of Experiments 1a and 2a, this schedule consisted of 
lights on from 20:00 to 08:00 hours; for Experiments 1b, 2b, and 3, 19:00 to 07:00 hours.  
Animals were brought to the colony room two weeks before commencement of each 
experiment, and single-housed one week later.  All mice had ad lib access to food 
throughout in each experiment, and ad lib access to water for two hours following the 
completion of all behavioral testing or taste aversion conditioning during each 
experimental day, or full 24-hr ad lib water access on days when behavioral testing or 
taste aversion conditioning were not performed.  Animals were usually not subjected to 
data collection on weekends, with some exception, and were additionally let rest when 




IACUC of IUPUI, and were conducted in strict adherence with the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals in an AAALAC-approved 
facility.   
 
Behavioral Assessment Environment and Apparatus 
A single room housed 12 identical operant chambers, each measuring 21.6 x 19.7 
x 12.7 cm, that were used for behavioral assessment throughout all experiments.  Each 
operant chamber was constructed with 2 sides of clear acrylic and 2 sides of aluminum 
(Med Associates ENV 307W, St. Albans, VT).  Operant chambers were contained in 
sound- and light-attenuated chambers equipped with fans.  An LED nose-poke infrared 
detector was centered on one 19.7 cm wall of each chamber, at 6.3 cm above a wire grid 
flooring above Cellsorb bedding.  A sipper access hole lay below each of these nose-poke 
apparati.  The sipper tubes that were used for all experiments were, specifically, 10-ml 
graduated plastic serological pipettes fitted with stainless steel tips.  All tubes were filled 
with banana-flavored, sucrose, or ethanol solution (see Solutions for concentrations and 
mixing specifics), or left empty (see General Procedures).  Sipper tubes were positioned 
to prevent constant access, and equipped with a descent mechanism fit to allow access 
upon reinforcer delivery.  Two levers were mounted in each operant chamber for the 
majority of operant training and testing, each 2.5 cm above the floor on either side of the 
sipper tube opening.  The lone exception to the inclusion of these levers was during 
reminder sessions, when the levers were replaced with aluminum “dummy plates” (see 
General Procedures).  The lever operandi represented the target behavioral assessment, 




chambers were controlled using MedPC IV software on a Windows computer and 
custom-made corresponding to each reinforcement schedule (see General Procedures).  
Operant chambers were wiped with a wet sponge following each individual session.  The 
behavioral assessment room was swept and Cellsorb bedding was replaced once per week. 
 
Solutions 
Banana flavorant solution parameters were initially modeled after Cunningham 
and Niehus (1997), and revised following past experiments in our laboratory.  HAP and 
LAP mice were previously shown to consume banana volitionally, and to establish a 
conditioned taste aversion to it (unpublished data).  1.0% v/v banana solution used for 
Experiments 1 and 3 was prepared by diluting banana flavoring (Farmer Brothers Coffee 
Company, Torrence, CA) in deionized (DI) water.   
Experiment 2 necessitated the use of alcohol and sucrose solutions.  10% v/v 
ethanol solution was prepared by diluting 200 proof ethanol (Decon Laboratories, King 
of Prussia, PA) in DI water.  2% w/v sucrose solution was prepared by dissolving pure 
sucrose powder (Thermo Fisher Scientific, Waltham, MA) in DI water.  These 
concentrations were used because the phenotyping criterion for high alcohol-preferring 
mice is high intake of 10% ethanol, and 2% sucrose is shown to be of roughly equivalent 
subjective value to this concentration in other rodent strains (Oberlin et al., 2011; Corbit 
et al., 2012) 
Lithium chloride (LiCl) solution was prepared for injection for use in all 
experiments during taste aversion conditioning, using dosage based upon prior 




concentration of LiCl solution was 6.36 g/l in DI water (i.e., isotonic, or 0.15 M), and 
injections were administered with a volume of 40 ml/kg, resulting in an approximate dose 
of 0.254 g/kg.  Additionally, control equivolumetric isotonic (0.15 M) sterile saline 
injections were used in Experiment 3. 
Experiment 3 additionally necessitated the preparation of flupenthixol solution for 
injection.  Dosage was based upon the procedure of Nelson and Kilcross (2013) with an 
additional, higher dose added to account for potential differences in pharmacodynamics 
between mice and rats.  A 0.15 mg/ml stock solution was prepared by mixing 3 mg 
flupenthixol (Tocris Bioscience, Bristol, UK) with 20 ml sterile saline.  This stock 
solution was diluted to 0.03 mg/ml and 0.1 mg/ml concentrations with sterile saline.  




Mice were deprived of ad lib water access for at least 18 hours prior to each 
operant chamber session to ensure motivated responding throughout all experiments.  
Mice were run in 1-4 “squads” per day, each consisting of up to 12 mice, from 10:00 to 
2:00 hours in Experiments 1 and 2 and 8:30 to 11:30 in Experiment 3.  Overall, four 
different operant reinforcement schedules were used in all experiments.  Acclimation to 
the operant chambers and behavioral shaping began with 1 day of a 30min session of 
fixed-time 120sec (FT120) reinforcement, in which 30 seconds of reinforcer access were 
provided every 2 minutes regardless of lever pressing.  Additionally, correct lever presses 




reinforcer consumed was achieved, mice progressed to 45min sessions under a fixed-
response 1 (FR1) schedule, in which correct lever presses only for reinforced with 5 
seconds of reinforcer access.  FR1 training continued until a subject reached criteria of 20 
correct lever presses and 0.2 ml reinforcer consumed, with a minimum of three days 
required for advancement.  Animals then progressed to 45min sessions of variable-
interval schedules; a 20-second (VI20) and 60-second (VI60) schedule were used for a 
various set number of days depending upon the Experiment and treatment group (see 
below).  These parameters were initially modeled after “limited” and “extended” training 
lengths used to assess habit formation in B6 mice and modified following previous 
results in our lab (Quinn et al., 2007; unpublished data).  For Experiments 1 and 3, 
reinforcer delivery remained 5sec; for Experiment 2, it was reduced to 2sec to ensure 
continued motivation to respond for alcohol, a pharmacologically limiting reinforcer.  
Following completion of VI training, a single day of 15min Extinction testing (“Pretest,” 
a test under valued conditions), for which empty sipper tubes were placed in lieu of filled 
tubes, but sipper descent occurred delivering an empty sipper with all other reinforcement 
conditions intact.  Sipper descent time in Extinction testing was identical to reinforcer 
delivery time during VI training in all Experiments.   
Following the Pretest, at least 4 days of taste aversion conditioning were 
performed.  Beginning at 12:00 hours in Experiment 1 and 2 and 09:00 hours in 
Experiment 3, mice received injections of LiCl following 30 minutes of free-choice 
access to the solution that they were reinforced with in the operant chamber (i.e., banana, 
alcohol, or sucrose, dependent upon experiment and group).  One group of mice in 




identical.  This procedure persisted for at least 4 days in all experiments, and until mice 
demonstrated 0.2 ml or less of consumption except for Experiment 3 due to time 
constraints.   
Following taste aversion conditioning, a single day of reminder treatment was 
performed.  Levers were removed from the operant chambers, and “dummy plates” were 
inserted in their stead.  Mice were given free access to their reinforcer for 10min (i.e., full 
sippers were inserted and sipper descent was enabled for the entire session).  The 
following day, another Extinction test (“Posttest,” a test under devalued conditions) was 
performed identical to the Pretest.  This day usually represented completion of data 
collection for each experiment; specific exceptions are detailed under the respective 
experiment. 
 
General Statistical Analysis 
Data from all experiments were organized using Excel spreadsheets (Microsoft, 
2010 Edition, Redmond, WA), analyzed using SPSS statistical software (IBM, Version 
22, Armonk, NY), and graphed using Prism (GraphPad, Version 6, San Diego, CA).  
Daily means and standard errors of the mean (SEMs) were calculated for all variables 
measured during each day of data collection; these included correct and incorrect lever 
presses, rewards earned (VI schedules only), and intake of reinforcer (ml/kg).  Data were 
collapsed across sex in all experiments for simplicity of visualization of the experimental 
hypotheses (i.e., sex was not included as a factor in analyses).  The number of days 
required to reach FR1 criterion (20 correct lever presses and 0.2ml solution consumed) 




samples t-tests in Experiments 1 and 2 between lines and reinforcers, respectively; 
Experiment 3 contained no such variable on which to perform assessment.  Intakes of the 
relevant solutions in ml/kg were recorded throughout taste aversion conditioning in all 
experiments, and consumption on the final day was compared to the first day using 
paired-samples t-tests.  The critical outcome variable, correct lever presses, from the 
target extinction data was assessed both as within-subjects comparisons of raw scores in 
the Pretest and Posttest and as transformed proportions of baseline responding 
(Posttest/Pretest).  Other details of experimental design and analysis are listed under each 
respective experiment. 
 
Experiment 1 – HAP/LAP Genetic Susceptibility 
28 male and female HAP2 and 44 male and female LAP2 mice from the 49th 
generation comprised the first of two cohorts of this experiment (Experiment 1a).  These 
animals were counterbalanced by factors of Line, Sex, and Family into a balanced 
operant run order, and correct lever orientation was assigned evenly within factors.  
Following the first day of VI20 training, mice were further sorted into two groups per 
Line – Long and Short Training – and correct lever presses were balanced (using means 
and SEMs) as accurately as possible between each group per Line.  Mice in Long groups 
were initially given 3 days of VI20 training, and 5 days of VI60 training; Short groups, 1 
day of VI20 and 1 day of VI60, corresponding to the first and last day of training of the 
Long group, respectively.  Mice were P93-P106 (postnatal age in days) at 




24 male and female HAP3 and 24 male and female LAP3 mice from the 27th 
generation comprised the second cohort of this experiment (Experiment 1b).  These 
animals were counterbalanced by factors of Line, Sex, and into a balanced operant run 
order, and correct lever orientation was assigned evenly within factors.  Following the 
first day of VI20 training, mice were further sorted into two groups per Line: Long and 
Short Training, as in Experiment 1.  Mice in Long groups were initially given 3 days of 
VI20 training, and 5 days of VI60 training; Short groups, 1 day of VI20 and 1 day of 
VI60.  Following the results of the first Posttest, mice in Long groups were revalued (i.e., 
given unlimited banana access in the home cage until 0.2 ml or more of consumption was 
achieved) and given 5 additional days of VI60 training followed by another Pretest-
Posttest.  Mice were P78-P90 at commencement of training and P143-155 at completion 
of data collection. 
Correct lever presses, incorrect lever presses, rewards, and intake from VI training 
were analyzed across the 8 days of VI training in Long groups using four separate mixed-
model ANOVAs with factors of Line and Day (2 × 8) for Experiment 1a and Experiment 
1b separately.  Raw correct lever presses of the target extinction data were analyzed 
separately for each cohort using a mixed-model ANOVA with factors of Line, Training, 
and Test (2 × 2 × 2).  Proportional data were analyzed using a factorial ANOVA with 
factors of Line and Training (2 × 2).  Because the a priori statistical null hypothesis of 
the current experiments was that reinforcer devaluation would not be detectable within 
each group, groups were then examined separately through stratification by both Line and 
Training.  Therefore, experimental groups consisted of HAP Long, HAP Short, LAP 




correct lever presses, whereas proportions were analyzed using one-sample t-tests with a 
test statistic of 1 (a null result signifies that Posttest/Pretest is not statistically different 
than 1, i.e., each test is statistically identical).  For Experiment 1b, additional analyses 
were run following additional training in HAP and LAP X-Long (extra long training) 
groups; these consisted of the above analyses subtracting the factor of Training. 
 
Experiment 2 – cHAP Alcohol-Specific Effects 
48 male and female cHAP mice from the 27th generation comprised the first 
cohort of this experiment.  These animals were counterbalanced across Sex and Family 
into Alcohol or Sucrose groups initially and then into a balanced operant run order, and, 
following the first day of VI20 training, into two groups per Reinforcer: Long and Short 
Training, and these training lengths were administered as in Experiment 1.  Mice were 
P57-P67 at the commencement of operant training, and P129-139 at completion of data 
collection.  
24 male and female cHAP mice from the 28th generation comprised the second 
cohort of this experiment.  These animals were counterbalanced across Sex and Family 
into Alcohol or Sucrose groups initially and then into a balanced operant run order, and, 
following the first day of VI20 training, into two groups per Reinforcer: Long and Short 
Training, as in Replicate 1.  Mice in the Long group were given 3 days of VI20 training, 
and 5 days of VI60 training; the Short group, 1 day of VI20 and 1 day of VI60.  On the 
final day of VI60 training in each group, blood ethanol concentration (BEC) assessment 
was performed.  Following completion of the operant session, mice were taken to a 




transporter.  Bloods were collected directly into heparinized capillary tubes (Thermo 
Fisher Scientific, Waltham, MA), transported to and centrifuged in 1.5ml heparin tubes 
(Brinkmann Instruments Inc., Westbury, NY), and plasma was pipetted and stored in 
0.5ml heparin tubes (Eppendorf North America, Hauppauge, NY) in a standard freezer 
prior to BEC assessment.  BECs were assessed using the gas chromatography procedure 
previously described by Lumeng et al. (1982).  The remainder of the experiment 
proceeded according to the general procedure.  Mice were P84-P94 at the commencement 
of operant training and P114-124 at completion of data collection.  
Correct lever presses, incorrect lever presses, rewards, and intake from VI training 
in both cohorts were analyzed together across the 8 days of VI training in Long groups 
using four separate mixed-model ANOVAs with factors of Line and Day (2 × 8).  BEC 
data were analyzed through Pearson correlation of all operant variables collected on the 
day of operant behavior that involved retro-orbital sampling.  Best fit lines for bivariate 
correlation plots were generated using a linear regression model.  Raw correct lever 
presses of the target extinction data were initially analyzed using a mixed-model 
ANOVA with factors of Cohort, Reinforcer, Training, and Test (2 × 2 × 2 × 2).  Because 
of a lack of significant interaction effects involving Cohort, the two cohorts were 
collapsed and treated as one sample for future analyses.  Raw correct lever presses were 
then analyzed using a mixed-model ANOVA with factors of Reinforcer, Training, and 
Test (2 × 2 × 2).  Proportional data were analyzed using a factorial ANOVA with factors 
of Line and Training (2 × 2).  Groups were then examined separately through 
stratification by both Reinforcer and Training.  Therefore, experimental groups consisted 




were used to analyze raw correct lever presses, whereas proportions were analyzed using 
one-sample t-tests with a test statistic of 1. 
 
Experiment 3 – HAP Pharmacological Manipulation 
36 male and female HAP2 mice from the 51st generation were counterbalanced 
by factors of Sex and Family into a balanced operant run order among four groups: a no-
devaluation saline-treated group (No Deval), a control saline-treated group (VI Saline), a 
low dose (0.03 mg/kg) flupenthixol-treated group (VI Flu Low), and a high dose (0.1 
mg/kg) flupenthixol-treated group (VI Flu High).  Correct lever orientation was assigned 
evenly within groups.  All groups were given eight additional days of training following 
reaching the FR criterion; injections were administered to all groups on these days 15min 
prior to the commencement of an operant session.  Groups were otherwise treated 
identically to the Long groups of other experiments (i.e., 3 day of VI20, 5 day of VI60).  
The Pretest, taste aversion conditioning, Reminder, and Posttest then proceeded 
according to the general procedure; no injections were administered prior to any other 
operant chamber data collection.  Mice were P74-P77 at the commencement of operant 
training, and P114-117 at completion of the experiment. 
Correct lever presses, incorrect lever presses, rewards, and intake from VI training 
were analyzed across the 8 days of VI training using four separate mixed-model 
ANOVAs with factors of Group and Day (4 × 8).  Raw correct lever presses of the target 
extinction data were analyzed using a mixed-model ANOVA with factors of Group and 
Test (4 × 2), and followed-up using Tukey post hoc testing to determine from which 




ANOVA with the factor of Group (4 levels).  Groups were then examined separately.  
Paired-samples t-tests were used to analyze raw correct lever presses, whereas 





Experiment 1 – HAP/LAP Genetic Susceptibility 
4 HAP2 and 27 LAP2 mice failed to meet FR1 criteria, and were excluded from 
all data analysis.  An additional 2 HAP2 mice died due to injection-related complications, 
and also were excluded.  Final ns were 11 in HAP Long, 11 in HAP Short, 9 in LAP 
Long, and 8 in LAP Short for Experiment 1a.  LAP2 mice required significantly more 
days to acquire FR1 behavior than HAP2 mice (p < .001; Table 1); furthermore, only 
17/44 (38.6%) of LAP2 mice acquired operant behavior.  Mixed-model ANOVAs 
considering the 8 days of VI training in Long groups demonstrated significant effects of 
Day and Line upon Correct Lever Presses, Rewards, and Volume consumed, in addition 
to an effect of Line upon Incorrect Lever Presses (Fs ≥ 5.78, ps < .05; Figure 1).  Taste 
aversion conditioning was successful in all groups (ps < .001; Table 2). 
Statistical analysis on the critical extinction tests of Experiment 1a supported the 
development of a habit in HAP2 mice but not in LAP2 mice, and suggested that HAP2 
mice respond more than LAP2 mice whereas longer operant training is associated with 
greater extinction responding (Figure 2).  A mixed-model ANOVA considering Pretest-
Posttest correct lever presses revealed main effects of Test (F(1,35) = 14.12, p = .001), 
Line (F(1,35) = 16.87, p < .001), and Training (F(1,35) = 12.02, p = .001) along with an 




Training effect (F(1,35) = 3.82, p = .059).  Paired-samples t-tests revealed Posttest-
Pretest differences in LAP Long (t(8) = 4.70, p = .002) and LAP Short (t(7) = 3.23, p 
= .014), but neither HAP group (ps ≥ .375).  A factorial ANOVA considering 
transformed proportional Posttest/Pretest data revealed a main effect of Line (F(1,35) = 
3.68, p = .005).  One-sample t-tests revealed differences from 1 in LAP Long (t(8) = -
4.66, p = .002) and LAP Short (t(7) = -3.24, p = .013), but neither HAP group (ps ≥ .387). 
1 HAP3 and 4 LAP3 mice failed to meet FR1 criteria, and were excluded from all 
data analysis.  Final ns were 11 in HAP Long, 12 in HAP Short, 11 in LAP Long, and 9 
in LAP Short for Experiment 1b.  LAP3 mice required significantly more days to acquire 
FR1 behavior than HAP3 mice (p = .007; Table 1).  Mixed-model ANOVAs considering 
the 8 days of VI training in Long groups demonstrated significant effects of Day and Line 
upon Correct Lever presses, Rewards, and Volume consumed, in addition to an effect of 
Day upon Incorrect Lever Presses and an interaction of Day x Line on Rewards (Fs ≥ 
2.67, ps < .05; Figure 3).  Taste aversion conditioning was successful in all groups (ps 
< .001; Table 2).  Taste aversion conditioning was successful in all groups (ps < .001; 
Table 3). 
As in Experiment 1a, statistical analysis on the critical extinction tests of 
Experiment 1b supported the development of a habit in HAP3 mice but not in LAP3 mice, 
but additional training was required to convincingly demonstrate this finding.  As 
mentioned above, the results of the first critical Extinction tests (Figure 4) were difficult 
to interpret, so Long groups were revalued, retrained, and given another set of Extinction 
tests (Figure 5).  Statistics additionally suggested greater extinction responding among 




ANOVA considering the first series of Pretest-Posttest correct lever presses revealed 
main effects of Test (F(1,39) = 25.45, p < .001), Line (F(1,39) = 10.35, p = .003), and 
Training (F(1,39) = 7.62, p = .009) but no significant interactions(ps ≥ .489).  Paired-
samples t-tests revealed Posttest-Pretest differences in HAP Short (t(11) = 3.82, p = .003), 
LAP Long (t(10) = 2.98, p = .015) and LAP Short (t(8) = 2.93, p = .019), along with a 
trend in HAP Long (t(10) = 1.94, p = .081).  A factorial ANOVA on transformed 
proportional Posttest/Pretest data from the first series of tests revealed no significant 
effects (ps ≥ .407).  One-sample t-tests revealed differences from 1 in HAP Short (t(11) = 
-3.79, p = .003), LAP Long (t(10) = -3.72, p = .004) and LAP Short (t(7) = -2.48, p 
= .038).  Regarding the second set of extinction tests, a mixed-model ANOVA revealed 
main effects of Test (F(1,20) = 4.45, p = .048) and Line (F(1,20) = 25.45, p = .002) while 
paired-samples t-tests revealed a devaluation effect (t(10) = 2.70, p = .022) in LAP X-
Long but not HAP X-Long (p = .550).  An ANOVA on proportional data revealed a trend 
of Line (F(1,20) = 4.06, p = .058) whereas t-tests revealed difference from 1 in LAP X-
Long (t(10) = -3.24, p = .009) but not HAP X-Long (p = .751). 
 
Experiment 2 – cHAP Alcohol-Specific Effects 
4 cHAP mice in cohort 1 died due to injection-related complications whereas 2 
cHAP mice in cohort 2 died due to complications related to extracting blood for BEC 
assessment, therefore 6 mice were excluded from all data analysis.  Final ns were 14 in 
EtOH Long, 18 in EtOH Short, 16 in Sucrose Long, and 18 in Sucrose Short.  All cHAP 
mice acquired operant behavior, and there were no differences between reinforcers in 




considering the 8 days of VI training in Long groups demonstrated significant effects of 
Day and Reinforcer upon Correct Lever Presses and Rewards, in addition to an effect of 
Day upon Incorrect Lever Presses and Reinforcer upon Volume consumed (Fs ≥ 3.60, ps 
< .01; Figure 6).  Taste aversion conditioning was successful in all groups (ps < .001; 
Table 4). 
Pearson correlations considering the final day of VI60 training for the second 
cohort of mice that had ethanol as a reinforcer (n = 8) revealed a significant correlation of 
BEC to Rewards (r = .885, p = .003), along with trends to Correct Lever Presses (r = .655; 
p = .078) and g/kg Intake (r = .649; p = .082).  Based upon these results, single linear 
regression models were generated using BEC as the outcome variable and Rewards or 
g/kg Intake as the predictor variable (Figure 7).  Correct Lever Presses also correlated 
with Rewards, as would be expected with a VI60 reinforcement schedule (r = .815; p 
= .014), and g/kg Intake correlated with ml consumed as would also be expected (r = .955; 
p < .001).  BECs averaged 124.35 ± 25.38 among these 8 mice on this day, whereas 
average Intake was 2.12 ± 0.25 g/kg.  This Intake figure was characteristic of operant 
sessions of both cohorts upon the completion of VI training; cohort 1 averaged 2.15 ± 
0.23 g/kg (n = 20) on the corresponding final day of VI60. 
Statistical analysis on the critical extinction tests was consistent with goal-
directed behavior among all groups, but suggested that longer training and sucrose 
reinforcement each increase extinction responding (Figure 8).  A mixed-model ANOVA 
considering Pretest-Posttest correct lever presses revealed main effects of Test (F(1,62) = 
34.58, p < .001), Reinforcer (F(1,62) = 11.80, p = .001), and Training (F(1,62) = 8.00, p 




differences in EtOH Long (t(13) = 3.66, p = .003), EtOH Short (t(17) = 3.39, p = .003), 
Sucrose Long (t(15) = 2.92, p = .010), and Sucrose Short (t(17) = 2.84, p = .011).  A 
factorial ANOVA considering transformed proportional Posttest/Pretest data revealed no 
effects (ps ≥ .180).  One-sample t-tests revealed differences from 1 in EtOH Long (t(13) 
= -2.45, p = .029), EtOH Short (t(17) = -3.16, p = .006), Sucrose Long (t(15) = -2.27, p 
= .039), but not Sucrose Short (p = .747). 
 
Experiment 3 – HAP Pharmacological Manipulation 
1 HAP2 mouse failed to meet FR1 criteria and was excluded from all data 
analysis.  Final ns were 9 in No Deval, 8 in VI Saline, 9 in VI Flu Low, and 9 in VI Flu 
High.  HAP2 mice, as in Experiment 1, acquired FR1 criterion quickly (Table 1).  Mixed-
model ANOVAs considering the 8 days of VI training demonstrated significant effects of 
Day and Group upon Correct Lever Presses, Rewards, and Volume consumed (Fs ≥ 3.60, 
ps < .05; Figure 9).  Tukey post hoc testing revealed that VI Flu High recorded 
significantly lower means than VI Saline regarding Correct Lever Presses and Volume 
consumed, and significantly lower means than all three other groups regarding Rewards 
(ps < .05).  Interaction effects of Day × Group were seen upon Correct and Incorrect 
Lever Presses (Fs ≥ 3.16, ps < .05).  Taste aversion conditioning was successful in all 
devaluation groups (ps < .01; Table 5). 
Statistical analysis on the critical extinction tests was consistent with a modest 
overall devaluation effect across the entire sample, but habitual behavior among all 
groups assessed individually (Figure 10).  A mixed-model ANOVA considering Pretest-




but no Group effect or interaction (p ≥ .238).  Paired-samples t-tests revealed no 
significant Posttest-Pretest differences among groups, though a trend appeared in VI 
Saline (t(17) = 1.9, p = .099).  A one-way ANOVA considering transformed proportional 
Posttest/Pretest data failed to show a main effect of Group (p = .692).  One-sample t-tests 
revealed no differences from 1, though a trend again appeared in VI Saline (t(7) = -2.13, 





Most critically, these three experiments support a line difference in habitual 
responding between high alcohol-preferring (HAP) and low alcohol-preferring (LAP) 
mice, do not support an effect of alcohol in precipitating habit formation in crossed high 
alcohol-preferring (cHAP) mice, and do not support reduction of habitual behavior 
through systemic dopaminergic antagonism in high-alcohol preferring (HAP) mice.  
Results further suggest a genetic difference in variable-interval (VI) operant behavior 
between HAP and LAP mice; both replicates of HAP mice responded at higher rates and 
consumed greater quantities of the reinforcer, an appetitive 1% banana flavoring solution, 
than their counterpart LAP lines in Experiment 1.  Throughout Experiment 2, 2% sucrose 
solution, as compared to 10% alcohol solution, produced higher levels of operant 
responding and fluid consumption in cHAP mice.  Experiment 3 findings showed that 
flupenthixol, the non-selective dopamine (DA) antagonist administered prior to VI 
sessions, reduced levels of responding and intakes in HAP mice.  Therefore, group 
differences in habit formation tests were observed in Experiment 1 but not in Experiment 
2 or 3 despite the observance of systematic variation in VI behavior during all three 
experiments.   Additionally, the relation of the administration of longer operant training 
procedures to the presence of habit formation was seen in only one instance; HAP 





Correlated Genetic Traits and Endophenotypes 
Overall, Experiment 1 results suggest that the inherited susceptibility to formation 
of a stimulus-response habit may be a correlated response to selection for alcohol 
preference in mice.  HAP2 mice demonstrated an extremely rapid onset of habitual 
responding, requiring only two days of VI operant sessions (i.e., “Short” training) to 
render the effects of reinforcer devaluation ineffective in reducing operant behavior.  The 
observation of mechanistic action under extinction conditions following training this brief 
is unprecedented among rodent models (Rossi and Yin, 2012).  Concurrently, LAP2 mice 
displayed goal-directed responding under both “Short” and “Long” (eight total VI days) 
training durations.  HAP3 and LAP3 each independently demonstrated outcome-oriented 
behavior following each training length, but after reinforcer revaluation and “X-Long” 
(13 total VI days) training, HAP3 mice showed habitual behavior whereas LAP3 mice 
maintained goal-directed action.  These novel results are supportive of the hypothesis that 
populations that are susceptible to substance abuse, including AUDs, are correspondingly 
predisposed to forming stimulus-response habits.  Furthermore, this evidence suggests 
that these traits are genetically mediated (i.e., heritable) and correlated.  Therefore, the 
condition of possessing a propensity for mechanistic behavior merits consideration as an 
endophenotype of problematic alcohol use. 
Notably, LAP mice required significantly more operant training days to acquire 
FR1 operant behavior than HAP mice in both replicates of Experiment 1.  This deficiency 
was minor throughout the cohort of LAP3 mice, but surprisingly pervasive throughout 
the cohort of LAP2 mice; only 38.6% of the sample met the criterion whatsoever, and 





Experiment 1a among LAP2 mice was far more substantial than that observed in any 
other experiment.  The LAP2 mice tested were of the 49th generation, whereas the LAP3 
mice were of the 27th generation.  The possibility exists for extensive inbreeding among 
selectively-bred lines (Phillips et al., 1991; Crabbe et al., 2009).  Conversely, while 
inbreeding may indeed explain a portion of this result, this explanation alone is 
inconsistent with robust learning and response patterns among the HAP2 mice cohorts in 
these experiments.  It is likely that the selection for a lack of consumption of 10% ethanol 
simultaneously selected for a lack of motivated action and/or low metabolism.  The 
adjustment of selection criteria to include low body weights in LAP mice likely 
attenuated these processes in LAP3 mice. 
Interestingly, whereas HAP2 mice were insensitive to reinforcer devaluation 
under all conditions including the previously-mentioned length of variable-interval 
training that included fewer days than what is expected to produce habits in “sensitive” 
mouse populations (Quinn et al., 2007), HAP3 mice required revaluation and further 
training to achieve a result that was convincingly consistent with an interpretation of 
habitual action.  The finding that HAP3 mice required extended training can be 
reconciled because the HAP3 mice tested were of the 27th generation, whereas the HAP2 
mice tested were of the 49th generation; HAP3 mice are not as far along in the selection 
process and correspondingly show lower g/kg alcohol intakes (Matson and Grahame, 
2013).  It would be reasonably expected that a greater portion of trait-relevant alleles 
have yet to become fixed in HAP3 mice, producing the phenotype of lower volitional 
alcohol drinking alongside a lesser susceptibility toward the formation of habits.  The 





training is more surprising, because it is hypothesized that a similar extent of variable-
interval training produces habits even in “non-sensitive” mouse populations (Quinn et al., 
2007; Rossi and Yin, 2012). 
Indeed, the failure of the current studies to achieve habitual responding in either 
LAP2 or LAP3 mice following three different training lengths is unexpected, but there 
are several parametric differences other than the genotypes employed that may have 
influenced these results.  Studies of habitual behavior in B6 mice commonly operate 
under conditions of food-restriction to 85% of free-feeding weight (Quinn et al., 2007; 
Barker et al., 2010; Rossi et al., 2012).  In contrast, the present studies were run under 
water restriction conditions, which have been shown to successfully produce robust 
operant responding in our lab (Oberlin and Grahame, 2009; O’Tousa et al., 2015).  There 
may be neurological differences in motivated seeking processes between each condition, 
which could produce disparities in the transition to primarily habitual control 
mechanisms.  An alternative explanation is that LAP mice did not interact with the lever 
operandum extensively enough to produce habitual behavior, but given that LAP3 mice 
in Experiment 1b displayed similar response patterns to HAP2 mice in Experiment 1a 
and were subjected to additional VI60 days beyond the typical duration of training, this 
explanation is unlikely.  Finally, because the CTA procedure was extended for each 
individual animal until it reached an extremely low level of volitional consumption 
during each replicate of this experiment, differences in habitual responding between the 
lines do not appear to be based upon dissimilarities in inherent susceptibility to 






Habitual Responding Associated with Alcohol 
The findings of Experiment 2 suggest that voluntary administration of alcohol as 
the outcome of a motivated response paradigm does not facilitate the transition to 
habitual behavior in cHAP mice.  These results contradict many published findings that 
researched psychoactive reinforcers in comparison to non-psychoactive appetitive 
reinforcers (Dickinson et al., 2002; Miles et al., 2003; Corbit et al., 2012; Mangieri et al., 
2012).  It is possible that publication bias has limited the potential variety of experimental 
results released into the domain of scientific knowledge.  Indeed, a null result of 
reinforcer differences in habit formation between alcohol and an alternate reinforcer, has, 
as of this writing, not been published.  The current experiments provide a convincing and 
meaningful null result.  Importantly, increased response rates in sucrose groups may be 
cited as the cause of similarity of operant devaluation effects between mice responding to 
alcohol or sucrose (i.e., the higher incidence of lever pressing compensates for the 
psychoactive effect of alcohol in the transition to habitual behavior).  However, careful 
examination of the extinction response data does not support this explanation.  For 
instance, the "Long" group that responded for alcohol actually showed a larger Pretest-
Posttest decrease in responding than the "Short" group that responded for sucrose.  Based 
upon the theoretical frameworks that responding for alcohol and increased experience 
with the lever operandum each facilitate mechanistic behavior, the former group would 
be expected to show the greatest degree of habit formation whereas the latter would be 






Indeed, despite the systematically elevated lever pressing and consumptions 
among groups responding for sucrose, no systematic differences in the efficacy of 
reinforcer devaluation upon extinction responding were observed.  Interestingly, high-
drinking inbred mouse strains demonstrate concurrent higher intake of sweetened 
solutions, suggesting that alcohol preference and sweet preference are highly genetically 
correlated (Belknap et al., 1993).  Based upon this finding, it is conceivable that the 
neural systems involved in initial reinforcement properties are similarly recruited upon 
administration of alcohol or sucrose solution in a high-drinking genetic line (Everitt and 
Robbins, 2005).  If this hypothesis were true, cHAP mice and other selectively-bred 
alcohol-preferring populations would receive similar dopaminergic signaling (i.e., the 
hypothesized driver of the transition to habitual action) regardless of whether 
reinforcement consists of alcohol or sucrose solution.  This speculative possibility would 
not apply to other research of habit formation pertaining to alcohol intake, which has 
used outbred rats or inbred mice (e.g., Dickinson et al., 2002; Barker et al., 2010).  
Therefore, the use of a very high-drinking rodent line may have essentially hindered the 
discovery of data consistent with the current hypothesis.   
Nonetheless, the BECs observed in this experiment were elevated far beyond 
published BECs in other research of habit formation related to alcohol, or those that 
would be expected based upon reported intakes of such studies (Dickinson et al., 2002; 
Corbit et al., 2012; Mangieri et al., 2012; see O’Tousa and Grahame, 2014 for a more 
detailed review).  Therefore, our findings would support a novel argument that another 
factor than alcohol intoxication is driving the results of expedited habit formation 





of Corbit et al. (2012) that rats performed habitually after 8 weeks of training for a 
sucrose reinforcer if and only if they were given concurrent volitional home cage access 
to alcohol, suggesting a neurological effect of free-choice alcohol intoxication that 
extends to the operant setting.  Because the within-session time course of operant 
responding was not assessed (e.g., 5-minute time bins were not recorded) in the current 
study, it is not possible to determine the extent to which operant responding occurred 
after achieving intoxication.  However, the observation of elevated BECs immediately 
following sessions is consistent with response and intake throughout the session, given 
the rapid metabolism of ethanol in cHAP mice (Matson et al., 2013).  The role of alcohol 
intoxication in facilitating habitual behavior requires further elucidation. 
A final notable caveat of Experiment 2 is the failure to observe habitual behavior 
in even the Long training groups, similar to the lack of habit formation in LAP mice 
discovered in Experiment 1.  The possibilities discussed in relation to LAP mice in that 
study might also apply to cHAP mice; at the same time, it would be reasonably expected 
that the cHAP population would show rapid habit formation because it is a genetic line 
derived from the first and second replicates of HAP mice (HAP1 and HAP2).  Genetic 
variation introduced by the HAP1 line would appear to be the underlying cause of the 
noted disparity in habit formation between the high alcohol-preferring lines.  Similarly, it 
would be tenuous to assume that extended training such as was administered to HAP3 
mice in Experiment 1 would produce habitual behavior in cHAPs, because HAP3s were 
not involved in the derivation of cHAPs.  Nonetheless, future research should attempt to 
discover a length of VI training that produces habitual responding in cHAP mice.  It is 





habitual action differentially based upon whether reinforcement consists of alcohol or 
sucrose solution. 
 
Dopaminergic Signaling and Antagonism 
Experiment 3 failed to replicate the results of Nelson and Kilcross (2013), which 
demonstrated that the expedited habit formation in amphetamine-sensitized rats is 
reversed through administration of flupenthixol during operant training.  This result was 
observed despite a decrement in variable-interval response rates, rewards, and 
consumption of the reinforcer among HAP2 mice given the high (0.1 mg/kg) dose of 
flupenthixol.  Simultaneously, the low (0.03 mg/kg) dose of flupenthixol produced VI 
behavioral results that were indiscernible from saline injection; this dose was identical to 
that used by Nelson and Kilcross (2013).  That study reported reduced rates of 
instrumental responding during behavioral acquisition due to flupenthixol administration, 
similar to the current results, but also observed a significant decrease of the proportion of 
baseline responding seen in a drug-free extinction test in flupenthixol animals compared 
to saline controls.  The decision to base the critical comparison on a proportion of drug-
free extinction responding to reinforced responding following flupenthixol injection is 
challengeable, but their results nonetheless suggest that reinforcer devaluation reduces 
the expression of behavior if and only if flupenthixol was administered during training.  
The present experiment was carefully designed to enable a controlled comparison of two 
extinction tests without the drug on board, one under valued conditions and one under 
devalued conditions; however, the findings were unable to support the previously-





Two diverging theories warrant consideration regarding the reduced operant 
behavior in the high dosage group.  Striatal DA is widely implicated in the motivational 
properties of conventional reinforcers along with psychoactive substances (Kelley and 
Berridge, 2002; Everitt and Robbins, 2005).  The reduction in behavior could be due to 
lacking motivation; however, disruption of DA activity does not appear to affect operant 
learning even while it acutely affects behavior.  Alternatively, first note that flupenthixol 
as a clinical treatment is an atypical antipsychotic that is sometimes used in cases of 
schizophrenia, but its association with movement disorders and dizziness in humans 
preclude its potential widespread use (Einarson and Boskovic, 2009, Tardy et al., 2014).  
Similarly, another possibility to consider is that the reduced rates of operant behavior 
could have arisen as a result of motor impairments, which are typically observed in 
rodents under the influence of D2 antagonists (Fowler and Liou, 1994).  In any case 
including the possible relevance of each theory, the effects of flupenthixol upon HAP2 
mouse behavior appear to be limited to the time course of the effects of the drug as 
opposed to longitudinal consequence on learning.  The findings that extinction response 
rates did not significantly differ between groups along with the results of Experiment 1a 
that indicate that extended training produces increased extinction responding in HAP2 
mice (i.e., the full extent of behavior was likely not established during the drug-free FR1 
sessions in Experiment 3) further support a dissociation between learning processes and 
activity processes. 
HAP2 mice are known to possess higher levels of striatal DA and greater 
concentrations of midbrain TH cells than LAP2 mice (unpublished data).  Injection of the 





levels that are observationally close to LAP2 mice in Experiment 1a, but importantly did 
not attenuate consumption to this degree.  This could be interpreted as suggesting a role 
of each differential element of dopaminergic activity between HAP and LAP mice in 
regulating motivated action specifically, under the established theory that striatal DA 
drives operant behavior in rodents (Mark et al., 1994).  Simultaneously, however, the 
inability of flupenthixol to reduce intakes to the degree seen in LAP mice suggests that 
attenuated motivation is not the underlying mechanism, which reverts the discussion to 
the implication of motor deficits.  Unfortunately, the current experiments lack systematic 
assessment of motor impairments, so it would be premature to make a conclusion 
regarding these findings at the present time.  Nonetheless, the establishment of habit-
based response patterns went unhindered by a non-selective DA antagonist that was 
successful in reversing accelerated habit formation in methamphetamine-sensitized rats.  
This suggests that disruption of DA through sensitization differs from innately high DA, 
or simply that there are profound differences in mouse and rat striatal DA activity.  
Evidence suggests that D1 and D2 receptor subtypes can potentially exert opposing 
effects within the striatum (Gerfen and Surmeier, 2011).  Therefore, flupenthixol 
administration in HAP2 mice may have resulted in a functionally unchanged state of 
striatal habitual learning processes, in which case the administration of selective DA 
antagonists prior to operant training sessions may allow for detection of reduced habitual 
behavior.  SCH23390, a D1 antagonist, is a strong candidate for this research given past 
results in rats, and furthermore would not be expected to show profound motor effects 






General Discussion and Future Research Suggestions 
The development and validation of a novel way to assess habitual responding was 
a welcome but unintended outcome of these three experiments.  Prior research evaluating 
a comparison to baseline response rates following classically-conditioned reinforcer 
devaluation compared extinction response rates to reinforced response rates, as discussed 
in conjunction with Experiment 3 (e.g., Quinn et al., 2007; Barker et al., 2010; Mangieri 
et al., 2012; Nelson and Kilcross, 2013).  While this method has proven successful, it 
nonetheless involves a comparison of two fundamentally different operant sessions.  The 
new procedure, briefly, consists of an extinction Pretest (under valued conditions), 
followed by CTA induction and a Reminder session to provide association of aversion 
with the operant box context, and finally the critical extinction Posttest.  Though it is 
possible that response rates would be lower as a result of learning during the first 
extinction test, this issue is mitigated due to the phenomenon of spontaneous recovery, 
meaning that behavior should persist at baseline levels due to the time between tests 
necessitated by aversion conditioning (Sissons and Miller, 2009).  Furthermore, the 
observation of response patterns consistent with habitual behavior was consistently 
observed in HAP mice.  It is proposed that this novel paradigm represents a valid 
procedure for assessing habitual behavior that, advantageously, does not require a 
between-subjects assessment of valued against devalued conditions. 
Regarding a more troubling aspect of the findings, devaluation effects of a large 
magnitude were seldom observed. Most significant effects only saw a decrease to 70-80% 
of baseline (Pretest) responding, and only LAP2 mice with Long training fell to as little 





inconsistent and difficult to interpret in mice, as the majority of habit formation research 
including its seminal studies has used rats (Adams, 1980; Dickinson et al., 1983).  The 
four most widely-cited studies use mice because of their ease of manipulation as a genetic 
tool, and all have employed the inbred C57BL/6 mouse background (Hilário et al., 2007; 
Quinn et al., 2007; Yu et al., 2009; Barker et al., 2010).  A more recent study also uses 
C57BL/6 mice and adds that habitual animals are resistant to outcome inflation (Quinn et 
al., 2013).  Among this inbred mouse strain, profound effects of devaluation (about 25-45% 
of baseline responding, on average) were consistently seen amongst groups of animals 
that showed a significant effect.  Simultaneously, response rates among non-devalued and 
habitual groups of mice actually appear to increase, though it must be stated that these 
studies compare rates of responding in extinction to “baseline” rates of reinforced 
responding, as discussed previously.  When the current studies were proposed, the 
selectively-bred mice were expected to demonstrate similar effects of reinforcer 
devaluation under conditions that were not hypothesized to produce habitual behavior, 
but this was only the case in LAP2 mice.   
Additionally, the C57BL/6 mouse literature relies upon a nose-poke mechanism, 
whereas the present studies assessed responding on an active and inactive lever.  The 
decision to use lever presses rather than nose-pokes was made because our operant boxes 
only contain one nose-poke aperture, and therefore would not allow for the assessment of 
inactive responses.  This experimental decision notwithstanding, it is possible that mice 
more readily withhold nose poke responses when the associated outcome is 
conceptualized as undesirable.  Alternatively, mice may be more apt to press a lever 





the operandum alteration and the food restriction against water deprivation change that 
was discussed in relation to Experiment 1, there were no major differences between the 
VI portions of the protocols that were used in these studies and those that are widely 
believed to be effective in mice (Rossi and Yin, 2012).  The current results may simply 
suggest that there is more variation between genetic rodent populations than is commonly 
believed among the field.  In support of this suggestion, it should be reiterated that the 
novel within-subjects procedure used for these experiments was sensitive to detecting 
significant decreases in responding following reinforcer devaluation in some groups and 
outcomes that were consistent with theoretical habit formation (i.e., null results of 
Pretest-Posttest mean differences) in others. 
In conclusion, the most noteworthy overall finding of these experiments is that 
selectively bred high alcohol-preferring mice formed habits whereas low alcohol-
preferring mice did not.  This result was observed in two separately selected lines, and 
there was evidence that the generation of selection for alcohol preference correlates 
positively with the rapidity of habit formation.  Because the mice tested were alcohol-
naïve, these findings support the propensity to develop mechanistic action as a cause (i.e., 
rather than an effect) of alcohol use.  This experiment, then, supports a similar 
interpretation of studies in humans suggesting increased activity in neurological regions 
associated with habitual action among individuals with AUDs (Sjoerds et al., 2013).  
Animal testing among similar populations to HAP and LAP mice is the most direct 
behavioral research extension of these results.  For instance, high alcohol-preferring rat 
populations, such as the P rat and HAD rat, could be assessed alongside their counterpart 





The potential replication of the results observed in HAP and LAP mice in a rat population 
would be valuable support for the external validity of the mouse results and might 
suggest the utility of molecular genetic studies. 
Furthermore, neurological functionality underlying goal-directed and habitual 
behavior among HAP and LAP mice should be characterized.  Lesion of the DLS is 
consistently shown to restore outcome-determined response rates following the 
acquisition of habitual behavior (Yin et al., 2004; Corbit et al., 2012; Schmitzer-Torbert 
et al., 2015).  The replication of these results in HAP mice would confirm that the 
neurological framework relating learning to addiction, by which the hypotheses of the 
current research were driven, is indeed applicable to this population (Everitt and Robbins, 
2013).  Of recent interest is the relationship between subjective craving, mediated by the 
PFC and limbic areas, to striatal-based habitual seeking processes (Volkow et al., 2006).  
These regions could be targeted using HAP or cHAP mice in conjunction with alcohol to 
elucidate their potential role in habitual seeking.  Relatedly, the potential utility of the 
cHAP mouse line as a model of habit-based alcohol seeking and consumption should not 
yet be disregarded.  cHAP mice, in addition to their heavy intakes, demonstrate lessened 
efficiency of intake reduction through aversive manipulations following extended 
volitional alcohol access (Matson and Grahame, 2013; unpublished data).  Primate 
research has shown that extended alcohol drinking causes increased putamen (analogous 
to DLS in rodents) excitability that associates with ingrained drinking patterns (Carlson et 
al., 2011).  Given the similarity of the unpublished free-choice alcohol drinking findings 
form our lab, future work with cHAP mice could help to clarify the relevance of such 





Lastly, pharmacological research possibilities, as discussed regarding Experiment 
3, include SCH23390 and eticlopride, the other two compounds tested by Nelson and 
Kilcross (2013).  While SCH23390 would be more readily hypothesized to have an effect 
in attenuating habit formation in HAP mice based upon past findings in rats, eticlopride 
could also be considered; a positive result would further support differences among the 
dopaminergic systems between mice and rats in the establishment of habitual behavior.  
Other neurotransmitters that putatively influence habit formation could be targeted 
through pharmacological means, including the adenosine and cannabinoid receptor 
systems, which are implicated based upon results in knockout mice (Yu et al., 2009; 
Hilário et al., 2007).  Systemic administration may be more useful from a translational 
and/or treatment perspective than local injection into neurological regions that 
demonstrate well-clarified roles in certain aspects of behavior.  For instance, a 
pronounced result of local injection of a specific compound into the DLS/putamen on 
reducing suboptimal mechanistic action may simultaneously have deleterious 
consequences on behavior when administered systemically.  However, many questions 
need answers prior to sincere consideration of a treatment that targets habitual behavior. 
At the present time, the genetic, behavioral, and neurological correlates of habit 
formation warrant further experimentation, and the results of these three experiments 
















Table 1.  Days required to reach FR1 criterion (i.e., 20 correct lever presses and 0.2ml 
solution consumed) throughout all experiments.  LAP mice took a significantly greater 
number of days to acquire goal-directed behavior than HAP mice of each replicate, 
whereas cHAP mice did not show differences between alcohol and sucrose reinforcement 
conditions.    # p < .1, * p < .05, ** p < .01, *** p < .001 compared to respective HAP 
replicate (independent-samples t-test) 
  Experiment 1   Experiment 2   Experiment 3   
  MEAN SEM RANGE MEAN SEM RANGE MEAN SEM RANGE 
HAP2 3.32 0.39 1-6       2.57 0.26 1-5 
LAP2 ***5.65 0.51 3-9             
HAP3 2.48 0.21 1-4             
LAP3 **3.53 0.32 1-6             
cHAP E       2.72 0.25 1-5       







Table 2.  Intakes of 1% v/v banana solution across 6 days of lithium chloride (LiCl) taste 
aversion conditioning in Experiment 1a (HAP2 and LAP2 mice in Long and Short 
training groups; ns = 9-12).  A reduction of consumption is observed as experimental 
days progress.  Note that three supplemental days, when only animals that had not 
reached criterion were tested and administered injections of LiCl, occurred between Day 
5 and Day 6; d.n.s.  # p < .1, * p < .05, ** p < .01, *** p < .001 compared to Day 1 
(paired-samples t-test) 
  Day 1   Day 2   Day 3   Day 4       
  MEAN SEM MEAN SEM MEAN SEM MEAN SEM     
HAP Long 68.71 3.73 61.24 6.33 50.56 5.53 28.58 6.01     
HAP Short 67.68 3.40 49.65 5.52 39.73 9.19 17.50 5.65     
LAP Long 49.64 1.37 29.15 5.10 24.41 6.12 10.01 4.07     
LAP Short 43.07 2.70 27.20 5.54 19.96 4.76 9.27 4.70     
 Day 5   Day 6           
 MEAN SEM MEAN SEM         
HAP Long 25.32 6.79 ***7.89 6.17         
HAP Short 12.96 5.53 ***2.34 2.34         
LAP Long 2.96 1.31 ***0.97 0.97         






Table 3.  Intakes of 1% v/v banana solution across 5 days of lithium chloride (LiCl) taste 
aversion conditioning in Experiment 1b (HAP3 and LAP3 mice in Long and Short 
training groups; ns = 9-11).  A reduction of consumption is observed as experimental 
days progress.  Note that four supplemental days, when only animals that had not reached 
criterion were tested and administered injections of LiCl, occurred between Day 4 and 
Day 5 and that the second CTA process followed a similar progression to the below table; 
d.n.s.  # p < .1, * p < .05, ** p < .01, *** p < .001 compared to Day 1 (paired-samples t-
test) 
  Day 1   Day 2   Day 3   Day 4   Day 5   
  MEAN SEM MEAN SEM MEAN SEM MEAN SEM MEAN SEM 
HAP Long 65.70 4.24 56.67 3.70 60.81 5.36 28.36 7.84 ***10.33 5.38 
HAP Short 67.48 4.65 50.54 4.18 45.96 7.75 23.85 7.33 ***6.70 3.10 
LAP Long 38.66 3.86 34.74 8.26 17.49 5.96 5.42 2.46 ***1.56 0.66 






Table 4.  Intakes of 10% v/v ethanol or 2% w/v sucrose solution in ml/kg across 6 days of 
lithium chloride (LiCl) taste aversion conditioning in Experiment 2 (cHAP mice in EtOH 
and Sucrose groups and concurrently balanced in Long and Short training groups; ns = 
14-18).  A reduction of consumption is observed as experimental days progress.  Note 
that "Day 6" represents the final day of CTA conditioning for each subject and is 
identical to Day 5 in ethanol animals; mice in sucrose groups required supplemental days 
which varied between experiments; d.n.s.  # p < .1, * p < .05, ** p < .01, *** p < .001 
compared to Day 1 (paired-samples t-test) 
  Day 1   Day 2   Day 3   Day 4     
  MEAN SEM MEAN SEM MEAN SEM MEAN SEM  
EtOH Long 23.75 1.80 16.58 3.42 8.07 3.26 3.27 1.18  
EtOH Short 28.31 1.52 17.80 3.71 3.78 1.26 3.75 1.78  
Suc Long 77.90 5.42 74.69 4.63 65.09 5.42 41.69 5.46  
Suc Short 77.28 6.11 69.84 6.44 58.15 7.43 33.50 6.49  
 Day 5   Day 6    
 MEAN SEM MEAN SEM  
EtOH Long 0.30 0.30 ***0.30 0.30  
EtOH Short 1.00 0.58 ***1.00 0.58  
Suc Long 18.57 5.60 ***11.82 3.53  






Table 5.  Intakes of 1% v/v banana solution in ml/kg across 4 days of lithium chloride 
(LiCl) or saline taste aversion or control conditioning in Experiment 3 (HAP2 mice in 
four treatment groups; ns = 8-9).  A reduction of consumption is observed as 
experimental days progress, except in the “No Devaluation” group that received control 
saline injections.  Note that additional days for mice that failed to meet the criterion of 
0.2 ml or less consumed did not occur in this experiment due to time constraints; 
nonetheless, final group intakes are significantly different than initial intakes in the three 
devalued groups.  # p < .1, * p < .05, ** p < .01, *** p < .001 compared to Day 1 (paired-
samples t-test) 
  Day 1   Day 2   Day 3   Day 4   
  MEAN SEM MEAN SEM MEAN SEM MEAN SEM 
No Deval 80.76 3.34 77.37 7.09 85.10 4.88 75.84 4.13 
VI Saline 70.06 3.88 65.47 8.72 60.12 9.65 **36.01 8.50 
VI Flu Low 72.91 4.76 75.39 5.48 33.41 7.94 ***8.75 4.27 












Figure 1.  Variable-interval training in HAP2 and LAP2 mice in Experiment 1a (ns = 8-
11).  Significant results (p < .05, mixed-model ANOVA) were seen considering factors of 
Day and Line in all four analyses in Long groups, excepting Day on Incorrect Lever 
Presses.  No interaction effects were seen.  Short groups were not considered due to 
missing data.  Note that days 1-3 consisted of VI20 operant sessions whereas 4-8 
consisted of VI60 sessions; this is exemplified, for instance, by the visible decrease in 
rewards from days 3 to 4. 
  











































































Figure 2.  HAP2 mice demonstrate habitual behavior whereas LAP2 mice do not.  a. 
Correct lever presses during the Pretest (valued) and Posttest (devalued).  ns = 8-11; # p 
< .1, * p < .05, ** p < .01, *** p < .001 (paired-samples t-test) b. Transformed 
proportional correct lever press data.  ns = 8-11; # p < .1, * p < .05, ** p < .01, *** p 

















































































Figure 3.  Variable-interval training in HAP3 and LAP3 mice in Experiment 1b (ns = 9-
12).  Significant results (p < .05, mixed-model ANOVA) were seen considering factors of 
Day and Line in all four analyses in Long groups, excepting Line on Incorrect Lever 
Presses.  Additionally, a Day × Genotype effect was observed on Rewards.  Short groups 
were not considered due to missing data.  Note that days 1-3 consisted of VI20 operant 
sessions whereas 4-8 consisted of VI60 sessions. 
  











































































Figure 4.  HAP3 mice and LAP3 mice both demonstrate effects of reinforcer devaluation 
following the general Long and Short training lengths.  a. Correct lever presses during the 
Pretest (valued) and Posttest (devalued).  ns = 9-12;# p < .1, * p < .05, ** p < .01, *** p 
< .001 (paired-samples t-test) b. Transformed proportional correct lever press data.  ns = 













































































Figure 5.  HAP3 mice demonstrate habitual behavior following extended long training 
whereas LAP3 mice do not.  a. Correct lever presses during the Pretest (valued) and 
Posttest (devalued).  ns = 11; # p < .1, * p < .05, ** p < .01, *** p < .001 (paired-samples 
t-test) b. Transformed proportional correct lever press data.  ns = 11; # p < .1, * p < .05, 




























































Figure 6.  Variable-interval training in cHAP mice in Experiment 2 (ns = 14-18).  
Significant results (p < .01, mixed-model ANOVA) were seen considering factors of Day 
and Reinforcer in all four analyses in Long groups, excepting Reinforcer on Incorrect 
Lever Presses and Day on Volume consumed.  No interaction effects were seen.  Short 
groups were not considered due to missing data.  Note that days 1-3 consisted of VI20 
operant sessions whereas 4-8 consisted of VI60 sessions. 
  













































































Figure 7.  a. Blood ethanol concentration (BEC) unexpectedly correlated significantly 
with Rewards earned during the final VI60 session of the second cohort of Experiment 2 
(n = 8).  Dotted line represents best-fit linear regression (β = .885; p = .003).  b. Alcohol 
intake (g/kg) and corresponding BEC (mg/dl).  Dotted line represents best-fit linear 
regression (β = .649; p = .082). 
  



































Figure 8.  cHAP mice demonstrate effects of devaluation to either 10% ethanol or 2% 
sucrose reinforcement following the general Long and Short training lengths.  a. Correct 
lever presses during the Pretest (valued) and Posttest (devalued).  ns = 14-18; # p < .1, * p 
< .05, ** p < .01, *** p < .001 (paired-samples t-test) b. Transformed proportional 
correct lever press data.  ns = 14-18; # p < .1, * p < .05, ** p < .01, *** p < .001 (one-

























































































Figure 9.  Variable-interval training in HAP2 mice in Experiment 3 (ns = 8-9).  
Significant results (p < .05, mixed-model ANOVA) were seen considering factors of Day 
and Group in all analyses except Incorrect Lever Presses.  Tukey post-hoc tests revealed 
that VI Flu High showed significantly lower means than VI Saline for Correct Lever 
Presses and Volume consumed, and significantly lower means than all three other groups 
for Rewards.  Interaction effects of Day × Group were seen upon Correct and Incorrect 
Lever Presses.  Note that days 1-3 consisted of VI20 operant sessions whereas 4-8 
consisted of VI60 sessions. 
  












































































Figure 10.  Flupenthixol administration does not attenuate habit formation in HAP2 mice; 
however, modest devaluation trends are seen in the VI Saline condition.  a. Correct lever 
presses during the Pretest (valued) and Posttest (devalued, except for No Deval).  ns = 8-
9; # p < .1, * p < .05, ** p < .01, *** p < .001 (paired-samples t-test) b. Transformed 
proportional correct lever press data.  ns = 8-9; # p < .1, * p < .05, ** p < .01, *** p 
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